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INTRODUCTION
[ )

The dynamics of the engine have become of prime importance in the
study of control systems for turbine-propeller engines (reference 1).
This importance arises from the fact that & control must be matched to
an engine for all conditioné aiid therefore, in order to build good
controls, the dynamics of the engine must be known. The time
response o0f the engine speed to & step change in blade angle with

Puel flow held constant or in fuel flow with blade angle held constant,

and the megnitude of change in englne speed produced by & glven change
in blade angle or fuel flow (ratio of change in engine speed to change
in blade angle or fuel flow) represent two of the most important
dynamic characteristice of the engine, time constant and gain factor,
respectively.

The results of a previous lnvestlgation of & turbine-propeller
engine (reference 2) show that values of the time constant cen be
determined from frequency response analysis of the engine.

The purpose of thls lnvestlgatlon was to determine the time con-
stants and galin factors of an engine over an extended range of oper-
ating conditions in order to study the dynemics of turbine-propeller
engines. In addition, a comparison is mede between time constants
obtained from steady-state desta and time constants obtained by tren-
slent operation of the system. The effects of magnitude and dilrection
of change in the input varlable on the time constant are dlscussed.

All turbine-propeller englne characteristics presented in this
report were d.etemi_ned. under sea-level statlc condltions.

ANATLYSIS
Time Constant from Steady-State Consideration

The first method of obtalning the time constant involves the use
of stesdy-state characteristic curves of the engine-propeller system
(fig. 1). These curves show the varilation of englne torgue with
engine rotative speed for values of constant fusl flow and for wvalues
of constant blade angls.

An analytical expregsion relabting time constant to the steady-
gtate characteristic curves of the engine system ls desired. The
firgt-order linear differentlal equatlon representing the dynamic
response of the turbine-propeller engine (reference 2) is
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AT syﬂbbls are defined in the appendix.

The time constant that charscterizes the response of equation (1)
therefore is
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From known moments of inertlia and values of Sﬁ;' from the slopes

(2)

of stesdy-state characteristlic curves, thls expression is used to
obtain time constants.

Time Constant from Transient Operation

The second method of determining the tlme constant requires
observation of the englne speed response under actual translient condi-
tions of operation. A step Input in fuel flow or blade angle results
in a speed response that ls observed by the use of a photorecordlng
ogscillograph.

Although time constants could be most readily determlned from
measuring the tlme for the speed change to reach 63.2 percent of lts
Tinal value, this method 1s subJect to Ilnaccuracy. Therefore, a
semilog method developed by Harold Gold of the Lewls laboratory is
used., The basls for this method ls as follows: A step change In
fuel flow or blade angle in an ldeal Pfirst-order linear system
produces an exponential change In spesed with time. Such an expo-
nential curve, rising from an initlal value at zero time to soms
final value, l1s expressed 1n the followling form:
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-5 - A
N(t) =Fp(l -~ e T)+ Ny o7

% = log (Np - Ny) - log (Np - N (%)) ? (3)

The last form ofequation (3) shows that the relation between
Ne - By
and the logarithm of the ratio Ny - N(% ie that of a straight line

vhere T 18 the slope. TFigure 2 shows a semilogarithmic plot of
typicel data, wherein (Np - N(t)) 1is plotted on the logarithmic
gscale and time 1ls plotted on the rectangular scale. The locus of
log (Ng¢ - N(t)) is observed to be & straight line. Thus the afore-

mentioned method for obtaining the time constant is valid.

In figure 2:

ty represents time when Ng - N(t) = 1; %3 = T(log Np - log 1)
N(t) = u; tp = T(log Np - log u)

tz represents time when N,

[

ty ~ t; = -T logu + T log 1 = T(-log u)

tg -~ ty =1 when u = e"' = 0.368

Therefore the length of the projected se nt on the tlme axls between
the points Np - N(t) =1 and Np -_N(t§m= 0.368 18 the time con-

stant T. The term (Np - Ny) is & constant and does not affect the
slope T. '

APPARATUS AND PROCEDURE
Engine Installation

The principal components of the engine used in this Investigation
are an axial-flow compressor, reverse-flow colibiistion chambers, and a
single-stege direct-coupled: turbine. A two-stage planetary gear system
provided a speed reduction between the .turblne and the propeller.

A 1Z2-foot, l-inch-dlesmeter, four-bladed propeller was lnstalled on
the engine. The pitch-chenglng mechanlsm maintains a linear relation
bobtween the position of the input lever, or bete arm, and the blade
angle, as noted in reference 2.
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In order to vary blaede angle, a hydraulic achuator was conhected
to the beta arm. Fuel flow was varied by means of a hydraulic
actuator atbtached to the engine fusl regulator valve.

Instrumentatlion

Steady-state measurements were teken of fuel flow, blade angle,
turbine outlet tempersture, engine torque, and engine speed. These
variables also were measured during translient conditions of operation.

Translent fuel flow was Indicated by the use of an aneroid-type
pressure sensor with a strain-gege element to meagure total fuel pres-
sure In the maln fuel line immedlately upstream of the engline fuel
menifold. The strain-gage element was connected to a bridge circult
in a strain analyzer, where the resulting eignal was amplified and fed
to a photorecording oscillograph. Steady-state measurement of Ffuel
flow was obtained by use of a rotameter lnstalled in the main Puel line.

Blade-angle position was measured by use of a potentiometer,
actuated by the propeller blade, that varied the flow of current in an
electrlec circult 1n direct proportion to the blade position. For
steady-state measurements, the current was measured by a millimmmeter;
during transient conditions bthe clrcult was swltched to a recording
osclllograph element. A conventlonal slip-ring arrangement was used
to complete the clroult between the potenticmeter on the propeller hub
and the recording device.

The ring gear of the planetary reductlion unit of the englne 1s
restrained by a self-balasncing hydraulic system. TUnder transient
conditlons of operatlion, the torgue output of the engline was lndicsated
by the pressure required to act on the hydraulic plston to maintain
balance. Thils pressure was measured by an aneroid-type pressure sensor
with a strain-gage element. The slgnal was emplified and fed to an
oscillograph unit. For steady-stage torgue oubtput measurement, the
pressure was measured by a Bourdon-type gage. Because thls measurement
was mede under steady-state condlibtloms, 1t was also an indication of
torque input. The methods of analysis applied to this investigation
did not require utillization of transient tordque measurement.

Translent speed measurement wes facllitated by a direct-current
generator geared to the engine. The voltage generated was propor-
tionsl to engine speed. This voltage wes appllied to an osclllograph
element. ' '

Engine speed hed a tendency to drift slightly under steady-state
conditions, even though input varlebles were held constant. In order
to obtain an accurabe indication of steady-state speed Immediately
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before and after each transient run, a means of effectively increasing
the scale sensitivity of the speed indicator was incorporsted in the
messuring system. A mechanical differential and s synchronous electric
motor were utllized in the meesuring circult to mseke posalble mpeed
measurement from an initial value of 11,000 rpm to a final value of
15,000 rpu, thereby expanding the cruising speed range of the engine
over the full scale range of the indicator. One input shaft of the
differential was driven by an engine tachometer pad; another was driven
by the synchronous motor. By means of proper gear ratios s Operation of
the synchronous mobtor caused O rym of the output shaft of the differ-
entlial at 10,500 rpm engine speed. As the engine speed increased, the
differential output shaft imparted rotational motion to a three-phase
tachameter gemerator, connected to the indicator. Spesds from 11,000
to 13,000 rpm were accurstely indicated. :

Turbine outlet temperaturs wes measured with one chromel-alumel
thermocouple and recorder for steady-state operation and with thres
chramel-constantan thermocouples and osclllograph for transient opera-
tion. All thermocouples were locgted in the same vertical plane {mmed-
lately behind the turbine. Trensient turbine outlet temperabures were
not utilized in thils Investigation.

A 10-cycle-per-gecond timing signal generated by an audlo-~
ogcillator wes recorded on ths osclllograph fllm to show the tims
varigtion of the recarded variables. '

Steady-stete values were recorded before and after each transient
run to provide calibrations for messurement of parameters umder tran-
sient condlitions.

Teble I indicates the steady-sbate and transient characteristics
of the Instrvments used. :

Procedure

Steady-state runs. - In order to obtaln engine time conatants from
steady-state characteristics, a map of englne torque agalinst englne
speed wes ubllized. This msp (fig. 1) presents emngine torque against
engine speed for lines of constant fuel flow and constant blade angle
in the crulsing speed range. The fuel flow varied from 700 to
1250 pounds per hour and the blade angle from 15° to 29°. Maximum
torques in the torgue-speed curves were limited by an asllowable gafe
operating turbine outlet temperature of 12658° F. :

Trensient runs. - In order to obtain time consbants end gain
factors under transient conditions of operatlon, step changes were made
in speed over the cruising speed range. Both increasing and decreasing
incremental changes in speed at a glven operabing polnt were recorded
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on a photorecording osclillograph. The magnitude of these changses was
approximately 400 rpm. To facllltate comparison of time constants from
translent operatlon with time constants from stesdy-state characterlis-
tlcs approximately the sams ranges of constant fuel flow and constant
blade angle were used for both trenslent and steady-state operation.
The values of constant fuel flow and constant blede angle used in the
trengient runs wers

Fuel flow (lb/hr): 700, 750, 820, 883, 950, 1000, 1066, and 1126

Blede angle (deg): 15.00, 17.10, 18.90, 21.00, 23.00, 25.00, and
27.03 :

A reproduction of btypical transient data recorded on the oscillo-
graph is presented in figures 3(a) and 3(b).

Magnitude and directlon effects. - Effects of magnitude and direc-
tlon of speed change on the englne time constant over the crulsing
engine speed range from 11,000 to 13,000 rpm were investigated. The
veristions in speed to determine these effects were obtalned by varying
blade angle whilile malntaining a constant fuel flow. In order to cover
the cruising engine speed range, an operabting speed of spproximately
12,000 rpm was chosen. Using thls value of initlasl speed, step
changes in blade angle flrast were maede to produce incremental changes
in speed from 200 to 1000 rpm both above and helow this startling polnt.
Using spproximately 12,000 rpm a&s the final value, step changes in
blade angle then were mede to produce Iincremental changes in speed of
200 to 1000 rpm from inltlal speeds gbove and below this approximate
final speed polnt. Time constants were obtalned for all of the Incre~-

mental speed changes.

RESULTS AND DISCUSSION
Experimentelly Determined Time Constent from Steady-State
Cheracteristics of Engine
Values of time constant from steady-state characteristics for
various values of constant fuel flow and constant blade angle are

pregsented In figure 4. All values of time constant are corrected o
NACA standerd sea-level tempersbure and pressure.

Experimentally Determined Time Constant from Transient
Operation of Englne

The faired curves In figure 5 show tlme constant varlabtion with
speed for various values of constant fuel flow and constant blade angls

from transient operation.
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Comparison of Time Constants

A comparison of figures 5(a) and 5(b) indlcates that the average
value of time constant for constant blade angle exceeds the sgverage
value of time constant for constant fuel flow by approximately 13 per-
cent for all values of speed in the engine crulsing speed rangse.
Although this correlation 1s satisfactory for controls work, it Indl-
cates a lag in the fuel system as compared to blade angle response.

A camparison of figures 4(a) =nd 5(a) indicates that the average
values of time constant for constant fuel flow from steady-state char-
scteristics agree satisfactorlly with average values of time constant
from transient operation for all vaelues of speed in the engine
crulsing apeed range. Flgure 6(a) presents the variation with speed
of the time constant from steasdy-state characteristics and time con-
stent from transient daba at the minimm and maximum values of fuel
Plow.

A comparison of figures 4(b) and 5(b) indicates that for any glven
value of constant blede angle the time constants from transient dats
exceed the time constents from steady-state characteristics by approxi-
mately 14 percent for all values of engline speed in the cruising speed
range. Figure 6(b) presents variation with speed of time constants
from steady-state characteristice and time constants from transient
data gt the minimem and maximm values of blade angle.

Time Constant Varilation with Changes in Magnitude
or Direction of Speed Increments

Flgure 7 presents the effect on time consbtant from transient oper-
ation of covering the speed range ln increasing and decreasing incre-
ments of from 200 to 1000 rpm and for a fuel flow of 950 pounds per
hour. The time constants resulting from these incremental changes are
presented es a function of the final englne speed and are shown by
data points. The behavlor of average time constants as a function of
final speed for incremental chenges of 400 rpm over the cruising speed
range 1s indicated by the line for compariscon of time constent at
final speed for varied incremental speed changes. The results indicate
that increasing or decreasing chenges in speed up to and Including a
magnitude of 1000 rpm can be made with no appreciable variation in the
value of the time constant within the experimentel errcr. Furthermore,
the varistion of btime constant versus final engine speed le of such
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small magnitude as to indicate that incremental changes in speed larger
then 1000 rpm can be made wlth no apprecisble variation in the value of
the time conatant. : :

Experimentally Determined Galn Factors from Trensient Operation
of Engine

In order to measure the speed-to-blade-angle-gain factor and the
speed -to-fuel-flow-gain factor, the initial and final values of speed
for known changes 1ln blade angle or fuel flow were utilized. Figures 8
and 9 present speed-to-blade-angle-gain factor and speed-to-fuel-flow-
gain factor, respectively, versus speed for the incremental changes in
speed used to Investlgate time constants.

Figure 8 Indicates thet the speed~to-blade-angle-gain fachor varies
linearly with engine speed and the rate of change in gain factor with
speed ls approximastely the same Ffor all values of constant fuel flow.
The gain factor lncresses very rapdilly, both wlth a decresse in engine
speed for a glven constant fuel flow and wlth incressing values of con-
gtant fuel flow at a glven englne speed. This conditlon indicates thatb
decildedly large values of gain factor exlet at the lower portion of the
crulsing speed range for high values of fuel flow.

Figurs 9 indicates that for values of constant blaede angle the
gpeed.-to-fuel-flow-galn factor increasses as the engline speed decreases.
This Increase is not linesr as the geln factor increases more rapldly
for a glven blede angle with changes I1n spoed as the engine speed is
decreased. For a glven value of engine speed the gain factor increases
as the value of constant blade angle decresses. The cacaubination of low
speeds and small blade angle glves maximum gelin factors.

SUMMARY OF RESULIS

The following results apply to bime constant and galn factor
behavior of a turbine-propeiler englne in sea-level statlc operation:

1. For all values of speed in the englne cruising speed range,
average values of times constent for comstant fuel flow obtalned from
both steady-state characteristics and from transient operation agreed
satlsfactorily, whereas the time constants obtained from transient
operation exceeded the time constants obtained from steady-state char-
acteristics by approximately 14 percent for any given blade angle.

2. Over the emtire cruising range of the engine, the time
constants showed only a small variastion with final englne speed and were
independent of magnitude and direction of change in blade angle for

constant fuel flow.
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3. For values of constant fusl flow, speed-to-blade-angle gain
increased linearly and rapldly wlth decreasing engine speed.. For valuses
of constant engine speed, thls gain lncreased with fuel flow. Conse-
quently high speed-to-blade-angle gain exlsted at a combination of low
speed and high fuel flow.

4. For values of constant blade angle, speed-to-fuel-flow galn
Increased. rapidly with decreasing speed. The rate of lncrease of this
galin with decreasing speed became greaber at the lower values of speed.
For values of constant speed, this gein increased with decreasing values
of blade angle. Consequently, high speed-to-fuel-flow gain existed at
& combination of low speed and low blade angle.

Lewls Flight Propulsion ILaboratory,
National Advisory Committee for Aeronaublcs,

Cleveland, Ohlo.
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APFENDIX - SYMBOLS

polar moment of inertia of engime, (1b)(ft)(sec)(rad)(min)/
revolution

polar moment of inertia of propeller, (1b)(ft)(sec)(rad)(min)/
revolution

englne speed, rpm
finel engine speed, rpm

initlal spesd of engline at time 0, rpm
propeller speed, rpm

gpeed of engine at time <+, rpm

torque input to englne, 1b-ft

torque output of propeller, 1lb-ft

gear ratlo of engine speed to propeller speed
time, sec

time wvhen + 1is tl, gec

time when +t 1is t,, sec

value of N, - N(t) when % 1is t,

fuel flow, lb/hr

propeller blade angle, deg

Incremental change

ambient statlc pressure
NACA stendard sea level pressure

ambient sbatic bemperature
NACA standard ses level temperaturs

system time constant, sec
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TABLE I. - STEADY-STATE ARD TRANSIENT CHARACTERISTICS OF INSTRUMERTS  ~AACA -~
Meesured quantity Steedy-state Trensient instrumentation
Instrumentation Sensaox Frequency
response range
(cycles/sec)
Fuel flow Rotameter Aneroid-type pressure 0 - 40
(static pressure} gensor with atrain-
gage element commected
to glve Indication on
ogcillograph
Blade angle Wire-wound potentlometer | Wire-wound potentlometer| 0 - 40
connected to glve posi~ | connect to give pomition
t1lon indication on indlcetlon on
microammeter cacillogreph
Turbine-outlet One chromel-alumel Three chromel-constantan| O - 1
temperatire thermocouple commected thermocouples in serles
to reocorder connected to glve Indi-
catlon on osclllograph
Torque Bourdon-type gage Anerold-type preasure 0 - 40
sensor with straln-gage
element connected to
glve indication on
ogcillograph
Engine speed Three-phage tachameter Direct-current generator | Limited by
generator, mechanical connected to glve Indi-~ | filter
differential and cation on osclllograrh circint
synchronous motor to 0 - 2.85
eliminate sensing of
speeds below desired
range
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Blade angle, B. deg
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in this investigation)
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(a) Step input in-blade angle at constant fuel flow.
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. in this investigation)

]
~Fuel flow, Wg
Y

Speed, N, rpm
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in this investigation)
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(b) Step input in fuel flow et constant blade angle. W
Figure 3. - Typical recording of transient data from turbine-propeller engine.
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Yigure 8, - Variation of spead-to-blade-angle-gain faotar with engine spesd for turbine-propaller engine from transient operation at

constant fual flow.
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